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https://www.observatoire-vegetal.inra.fr/

Source and sink organs for carbon allocation

Phloem transport: photoassimilates i.e. sugars, amino acids, organic
acids, ions, signals, macromolecules

SINKS SINKS .~ CARBON SOURCEs
; - Autotrophic organs

Mature leaves are net sources of carbon

CARBON SINKs

Heterotrophic tissues and organs
Net carbon sink tissues include roots, tubers, reproductive structures,

young leaves, buds and meristems

MAIN FORM OF C TRANSPORT

Sucrose is the predominant sugar transported by the phloem
Other sugars (raffinose family of oligosaccharides, polyols)




Source and sink organs for carbon

allocation

SINKS SINKS -
sources

Release
/retrieval

S
~
~
Seao
S

-~
~
L
S

Coupling with water influx
(from the xylem)

SINKS

unloading

Modeling phloem and xylem transport

sinkl sink2 sink3 sink..

Source-to-sink
relations

SOURCE strength

4

SINK strength

sink 1

source o
s Fy

]
sink 2

Modeling phloem transport, Minchin, Holtt3,

Holbrook, Jensen, Lacointe, Durand, Gaudillere, Bohr....



Sucrose is central for phloem loading

Mes PVC CC SE

1. Carbon fixation and
production of sucrose
(high osmolarity)

PHOTOSYNTHESIS

Mes: mesophyll '= o]

PVC: perivascular cell

CC: companion cell
SE: sieve element Mes PVC CC SE
suc —ﬁ—> suc 2. Effluxin the apoplasm by SWEET facilitators
i Influx in the cytosol by SUC/H+ symporter
I -> high concentration in CC-SE
Model a4 N
in Arabidopsis sugar facilitators SWEET11 &SWEET12
P sucVEETI g VAU sucrose/H* symporter SUC2/SUT1
Mes PVC CC SE
SUCE 7~ Fsuc suc 3. Entry of water by osmosis
I . Propels bulk flow -> Mass flow
0 H.0 - sugars
$ - others molecules
SWEET11/12 SUC2/SUT1
Suc SucC

Sucrose: osmolyte responsible for phloem mass-flow



Apoplasmic versus symplasmic pathways

ST
active transport SWEET
symport H+/hex facilitator
%x
hex T
APOPLASMIC PATHWAY SUC _l@
apoplasm suc suc
SWEET SUC/SUT
A diversity Of facilitator  active transport
mechanisms for loading symport H+/suc e How do PDs and sugar transporters
. . sugar ‘talk’ to each other?
depending on species PD PD s
w hvYd e How do PD regulate sugar diffusion?
hex _ e, [
SYMPLASMIC PATHWAY B suc _D_, suc [ > SUC e how the level of sugars in the apoplasm
0 ! is regulated?

\ A AN

apoplasm



Sucrose is not the only osmolyte generating the
osmotic pressure in the sieve elements

pressure-flow mechanism: loading of osmolytes, principally sugars, into the phloem, generate the osmotic pressure
that propels bulk flow

- loading of ions such as K+ into the phloem may compensate when sucrose loading is extremely low

Mes: mesophyll

BS: bundle sheat

PP: phloem parenchyma
CC: companion cell

SE: sieve element

nature

ARTICLES

pl ant S https://doi.org/10.1038/541477-022-01098-x

W) GCheck for updates

Sugar loading is not required for phloem sap flow
in maize plants

Benjamin A. Babst®'#%2, David M. Braun©2&, Abhijit A. Karve'®, R. Frank Baker?, Thu M. Tran?,
Douglas J. Kenny @', Julia Rohlhill©*, Jan Knoblauch ©3, Michael Knoblauch @3, Gertrud Lohaus?,
Ryan Tappero®, Sénke Scherzer(©¢, Rainer Hedrich®¢ and Kaare H. Jensen(®?

Mes BS/PP cC

Suc

suc

/ In maize SE \

800 —

700 | * T

600

500

400 J_

300

Phloem K* (mol m™®)

200

100

0
k WT  sut? J

X-ray fluorescence (XRF) microscopy




Source-to-sink relations

“ Push or pull ?

s

Source strength or sink strength?




Source-to-sink relations

“ Push or pull ?

Source strength or sink strength?




Phloem loadin % and source strength o >
1) turn over of sugar transporters

Effect of environment on phloem transport (dark, low light, high light, drought)

- Sugar loading by active transporters SUC/SUT
-> Variations in phloem export in different conditions
-> associated with SUC2/SUT1 protein levels
-> SUC2 is regulated by ubiquitination & phosphorylation (Xu et al PNAS 2020)

Photosynthesis - Protein | ‘ Phloem export
accumulation (Exudation rate)

I 18 G
- Dark Control ;i;;:t\ Low light BYELIES BGlucose
.9 —J— e oFructose —
N § 20
Q_h g z oSu
O % 124 gg
2 (@] 70KD 8% 5.
25 5 . 2%
=3 " .. LeSUT1 22
-85 o . c - - P =]
| - ; 06 - O £ =
<3 + = = =
504 : & 5 1 :
] ﬂ ﬂ
0 0
Control D2 LL 2h HL 2 Drought Dzh Ctr“ H |_2h LLZh Control D 2h LL 2h HL 2h Drought

Xu et al 2018 Plant phys



Phloem loading and source strength o >

2) vein anatomy

—> Sugar loading occurs in the minor veins

—> Plasticity in the vein density
e density and complexity of minor veins

Verbascum
phoenicium

- Plasticity in the anatomy of the phloem

Q0

20

[%2]
n
Q
o)
e
e
o
T

7
S(P&
iy

Total area of CC+ PC

* nb of cells, size of cells
e invagination of PM in transfer cells

Area of phloem cells in three ecotypes

a
ab
<1000 |
IS bed
= cd cd cd
c
T i 4
Z 500 H* T
Q
o
0
O N O O S L L& O S N O D
lght W& O F W FEF O F O
Temp.  25°C  14°C 25°C 14°C 25°C  14°C

Cohu et al 2013 FIPS



Phloem loading and source strength o >
3) many sugar transporters

Mesophyll/Bundle sheath Phloem parenchyma  Comanion cell Sieve element
a B
d Cytosol N ) (c b
<« TMT1
Vacuole ) UOf uceme g ‘ “+{TMT1 UDPGIc+Fru6P
Fructose-6-phosphate Q—TMTZJ < TMT2
spp2 | SPS1 | [sweeT11 SPS
sppL | SPSTF e SUC4 }» UDP/
~{TMT1 | sps2F SWEET12 =+ & i v
{TVT2] e SucP
%sucz - I
s ] Sucrose phate | Sucrose SPP
CINVY | \ gggg xAHA3 CINV1| v
CINV2 o SPPL AVP1 it upp. ducrose
;} f . UDP-glucose — SUSY INV
Model \ SUC1, SUC3 ‘f—/ L]SWEET13 L4
: . : Cellwall s cwINV1 ' | 2 SPS1
in Arabidopsis SuUs1||spp3 UDPGlc+Fru  Fru+ Glc
SPPL
Xu & Liesche 2021 JXB, extract from the transcriptome data Sucrose

based on transcriptomic data from Kim et al 2021 Plant Cell

- A range of sugar transporters - sucrose/hexose families
- A range of enzymes acting on sucrose availability (INVERTASE, SUSY, SPP, SPS)
- No information on the selectivity/activity of plasmodesmata



Source-to-sink relations

“ Push or pull ?

Push

Source strength or sink strength?




Phloem unloading and sink strength _CF >

1) symplasmic or apoplasmic ?

Specialized PD

(a) Symplasmic unloading
ST
PP sp

g ﬂ Vac
o H <::I

(@) Suc

Ne) Suc/ :>
o)

©

o

<

s H,0
ﬂ Mi(sp)
To(vb) To(sp)
. [ -
Stadler et al 2005 Vascular tissue | Sugar-storage tissue
Plant J. Example: root tip

P SR

Simple, branched or funnel\

Yy29101g JUBld ETOT |2 33 YPlled

\_

SYMPLASMIC: convection + diffusion
depends on diffusion & bulk flow,

no energy is required

eslow, relative to energetic unloading

f = Specialized \ )

a— transporters

(b) Apoplasmic unloading
ST

PP SP
HT—> Vac
Ca Hx =t
S H == Suc/Hx

Suc/ Gy

H,0

ﬂ ) ) s H,0

p=_=

y29101g Jueld ETOT |2 12 YLied

Vascular tissue : Sugar-storage tissue
Example: fruits

APOPLASMIC: energy-coupled process,

against the concentration gradient

e high levels of soluble sugar. More potential for
accumulating carbohydrates

\_

= Developmental switches between symplasmic and apoplasmic pathways



Phloem unloading and sink strength
2) each sink has its own strategy

-> Different phloem unloading pathways might be employed by different sink organs or tissues in one species.
-> Phloem unloading strategies in crop fruits have evolved in response to the requirements of carbohydrate distribution,

yield, and quality

(a) Root transport/ release phloem

3 Leak
BUPwe e
{ Y { G
e ¢
vYm vv

SE-CC VPC END

Low pmf

(c) Stem release phloem

_"/\O‘QP’ glu
Leak o frul
A f
;“" HT
N vvY
= SW
i \',;/ =

SE-CC_ VPC  GC/SPC

(b) Stem transport phloem

«AQP»
(j%j_%keak Slui
= vy
£ =

SE-CC VPC GC/SPC

High pmf

(d) Fleshy fruit release phloem

T Leak

A A glu
f o
?:S’-L}'T;suc y’ Iru|
?EN)~, HT

X §W) vy

|
e 2

SE-CCR VPC SPC

Current Opinion in Plant Biology

M Closed PD
== OpenPD

Milne, Grof, Patrick 2018 COPB

e proton motive force

e different transporters

e osmotic gradients & water availability
e metabolic activity of adjacent cells

Examples

SWEET cucumber, fruit

SUC/SUT grape, fruit

HT (hexose transporters) grape fruit

TMT/PMT (tonoplast transporters) sweet sorgho, melon fruit
VST (tonoplast transport) watermelon fruit



Phloem unloading and sink strength R, =
3) sugar use and partitioning I@

-

Sucrose / Plasma membrane
Hexoses Vacuole

S. lyco.

- | l

S. penn.

cell wall
invertase

Hexoses

Apoplastic
transfer

.
{f + 3
Sucrose Vacuolar Invertase )

S o ;s ‘
ucrose / Susyﬂsps\ Sucrose ,j

Ex: Brix9-2-5, QTL for sugar content
in tomato fruit

-> increases sugars by as much as
25%

-> LIN5: CwINYV,

Sucrose

Symplastic +SPP :

transfer Ukt

Cellulose/hemicellulose/ mutation impairing enzyme kinetics
S g and fruit sink strength

Compamoh |
cell
Wang et al., FIPS 2013 Fridman et al Science 2004

Sucrose
release




Source-to-sink relations

what about the other classes of metabolites?

4l




Phloem transport of N and amino acids

Different transporters of sugars and

Coupling between C and N metabolism N
amino acids -> different regulations

-> Production of AA depends on C status

in the leaf : N remobilisation

forms of organic N transport
-> Gln, Glu, Asp, Asn, AA, Pro

¢ Loading of amino acids in all vein order
->via transporters

¢ Transport
- convective , by mass flow

¢ Unloading via transporters

SJepr ulaA Jes| sisdopiqely

Open question: How is the export of sucrose co-ordinated with that of amino acids and ions?



[ ] [
N long distance transport: a variety of transporters
Unloading Transport.
f Seed (dicotyledons) \ @ Seed vacuole
' Storage \ f \
metabolism Ur Ur NRT2.7
T NH,* Release
hi
AA ) « VAA - (3) Seed loading
T 2 2 NPF5.5? CAT6
NO, «( - «)> NO;/«)-NO, UmamiT28 AAPS8
Beed coat UmamiT29 AAP1
\\ Embryo / \_ Endosperm
= (2) Phloem unloading
Transport ,_f—:_)
phloem » NPF2.12/NRT1.6
. © UmamiT11
Loading S| UmamiT14
? ?
[ AA Ur Ur
TGS/GOGAT (1) Leaf export/phloem loading
+ AA AA
il NPF2.13/NRT1.7 UmamiT18
U’eas‘f \“R'N'R NO,- NO,- NPF1.2/NRT1.11  AAP8
Ur NO," NPF1.1/NRT1.12
Collection NRT2.4
\ Source leaf phloem NRT2.5
Tegeder, Masclaux-Daubresse 2018 New Phytol




Issues not yet addressed....

e What mechanisms and signals coordinate source and sink activity, and how do they
respond to the environment?

e What determines the developmental switch between apoplasmic and symplasmic
pathways observed in many sinks?

e What determines the number of sinks and how are sinks prioritized?



Source-to-sink relations
What about the SAM?

A important sink
What the factors control unloading?



Sugars as signal for SAM activity

-> Sugars, sucrose and glucose: signals at different stages of the SAM
-> Sugar availability : metabolite precursor or signal

(a)

(b)

Suc
Sugar

\

SPt ..

. -
_yMIR156  Floral

induction ¢ -* | HD-ZIP Il
- e . - ]
P8t . .

AGO10— /1
Sugar :

miR165/166

’ |

CK bybass

Current Opinion in Plant Biology
Mobile regulators in the shoot apex Fouracre & Poethig 2020 COPB

(a) Vegetative phase change (red) and floral induction (black),
(b) Phyllotaxy (red) and meristem maintenance (black).



https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/floral-induction
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/phyllotaxis

Unloading of sugars and nutrients in the SAM?

<
~ -
~~mm————"

protoderm
ground meristem
procambium

Sucrose
Phloem: PonoI§, rafflnose (RFO)
Organic acids Soluble sugars
—— Amino acids Starch
CW polysaccharides
Water Organic acids
epiderm Amino acids ﬁ‘ml_n‘_’ acids
cortex Xylem: ) + roteins
vascular bundles —_— NO3-, NH4 Nucleic acids
cambium PO4- ...

pith



Symplasmic isolation of the SAM

Vegetative phase, shoot apices are symplasmically isolated in the meristematic corpus
Shortly before and during the floral transition, the symplasmic domain extended throughout the whole shoot apex

Vegetative stage (SD) Reproductive stage (transfert SD to LD)
HPTS chlorophyll
N 40SD [
L2 %)
S 8
O O
© 42SD O
9 e
© © HPTS fluorescence
<< <
g peripheral
Early Vegetative SAM Inflorescence Meristem bud \ g primordium
anlage m\
_ _— 32 :
\ |
Phloem-loaded HPTS Phloem-loadez HPTS s+« loaded
-> Efflux in the apoplasm -> Diffusion by PD notlonded

-> Uptake by active transport -> Efflux/uptake in OC?



Carbohydrate metabolism in the SAM

e Spatial regulation in the vegetative apex

> Starch grains in the PZ of - Starch grains in PZ of tomato
tobacco SAM SAM
L1 layer, CZ -

ADPglucose pyrophosphorylase
(AGPL1), sucrose synthase (SUS4)
-> dynamic accumulation of
transcrips associated with
primordium initiation and growth

Tomato plants ———

Fructokinase (Frk2), invertase (Lin5),
sucrose transporter (SUC2/SUT1):
-> uniform accumulation in the

- meristem

obacco plants ——

TEM of the vegetative SAM HIS of the vegetative SAM
Wyrzykowska et al. Plant Physiol 2006 Pien et al. 2001 Plant J




Sugar transport and metabolism
markers in the SAM

-> Efflux in the apoplasm ?
-> Uptake by active transport ?

vegetative

SAM vegetative

PMT3

STP1 (dividing cells)
sucCt

SWEET17 (TE specific)

suC2

SWEET11, SWEET12
SUS5 (SE specific)
TPPH, TPPJ

TPST

Ph Xy Xy Ph

Single-cell compendium of the

@® mesophylicell(MC) @ @ ¢ ® @ guardcell (GC) @

@ shoot meristematic cell (SMC) 1 @ @ companion cell (CC) @&

@ epidermalcell (EC) @ @ @ @ 2

o 59 @@ [ F]
X R

Zhang et al 2021 Developmental Cell

Identification of cells with a vascular identity
* Transcripts for sugar transport or metabolism
* Transcripts for sugar signaling




Sugar transport and metabolism
markers in the rib zone of SAM

Arabidopsis

-> Diffusion by PD
-> efflux/uptake in OC?

Inflorescence SAM

Oriented cell
divisions

Stem growth

Bencivenga et al 2016 Developmental Cell

RPL: REPLUMLESS transcriptional regulator
Expression in the central and peripheral region of the RZ

High-Confidence
RPL ChIP-Seq Targets

Transporters
SWEET1,14 (plasma mb)
SWEET?2, 17 (tonoplast)
SUC1, SUT4 (plasma mb)
Metabolism

CwINV5 and V-Inv

SUS3

Other transporters
Aquaproin (PIP, TIP)
UMAMIT

AAP, PUP ...

Signaling

TPS1

TPP

Meristem 4

-E)g P development &' ®
-4 organogenesis
. B ®
>
] 6 ° Regulation of
§ 2 hormone levels
£, o ® o
0
(%3] 9 |E; AJ’
Response to . ) e @
4 external & 0 ®
stimulus ' Transport S

6 -4 2 0 2 4

Semantic space x

inflorescence apices & ChlP-seq libraries
Enriched terms related to sugar transport




Unloading in the SAM ?

symplasmic
SE-CC MC MC Sugar uptake/partitioning
| ) Pve - 6c AGPL, SUS4, FRK2
oC. groundtedls f 3 Cw-INV5, v-Inv, SUT1/SUC2,
PVC: perivascular cell - [

Sugar efflux or uptake

SWEET 2, 17, SUC4 (vac.)
- T T - SWEET 1,11, 12, 14 (PM)

suc  glc suc—yp glc suc glc suc glc STP]., SUCl (PM)

CC: companion cell
SE: sieve element

= \fru_/y cwiny fru fru fru
o apoplasmic

Heterotrophic Autotrophic
—> .
cells capacity




Sucrose synthase and fructokinase
and SAM development

ﬂomato plants \

Downregulation of FRK2
and SUSY genes

e FRK2-antisense line

e SUS1,3,4-RNAi line

A WT B
Before Before
flowering flowering
200 um

Tomato plants

Aher

flowermg \‘

susl/frk

susl/frk

\g,

""~\ /

‘wp\ - """“

Goren et al., Plos One 2017, Lugassi et al., Plants 2022

Meristem width
Before flowering

—
B L

[

b i
& ¢
9\)

Meristem width
After ﬂowg‘r‘i‘ng

4(\ ¢ "09 J@



Sugar transport and SAM activity
Open questions

Regulation of Sink Strength at the different stages of development of the SAM ?

eSpatial and temporal regulation of
- Sugar partitioning (vacuole, plastids, apoplasm)
- Sugar availability ?

Switch apoplasmic to symplasmic

Pattern of expression in SAM?
- Sugar metabolism (CZ & PZ )

- Sugar transporters (RZ ) _ _
e Transient storage of soluble sugars (heterotrophic) ?

e Storage of starch (autotrophic cells) ?
e Cell expansion / cell division / maintenance ?
e Cell osmotic pressure ?

Is there storage of sugars in the SAM during the vegetative stage?
Can the SAM activity and maintainance be modified by changing the unloading or storage of sugars?
How to increase the sink strength of the SAM?
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